Laboratory experiments were conducted to simulate oil weathering process, a medium to long term weathering process for 210-d, using samples collected from five different oil resources. Based on relative deviation and repeatability limit analysis about indexes of these samples, the results show there had been significant changes in diagnostic ratios among the initial and weathered samples of different oils during this process. Changes of selected n-alkane diagnostic ratios of all oil samples displayed more obviously than diagnostic ratios of terpanes, steranes and PAHs in this process. Almost all selected diagnostic ratios of terpanes, steranes and PAHs can be efficiently used in tracking sources of hydrocarbon pollution, differentiating from the n-alkane diagnostic ratios. In these efficient diagnostic ratios, only four ratios maintained good stability in the weathering processes and are more suitable because their relative deviation (RSD) are lower than 5%.
Introduction
Although there is evidence that the number of oil spills, for example, has decreased in recent decades, spilled oils still are a significant threat to the marine environment (Burgherr, 2007; Frynas, 2012; King et al., 2015; Teich and Pemberton, 2015) . Recent studies show that spilled oils are continually polluting China's sea waters and threatening security of ecological environment surrounding, placing the China's marine environment at risk because the frequency of offshore oil spill accident is increasing (Woolgar, 2008; Wang et al., 2009a; Liu and Zhu, 2014) . Therefore, tracing accurately the liable sources of these spill oils, as a primary stage, as well as to understand their fate and behavior and assess their potential long-term impact on the environment are extremely important (Wang and Fingas, 2003; Wang and Stout, 2007) .
Crude oils from different oilfields contain source specific compounds and have significantly different chemical characteristics (Peters et al., 1992; Wang et al., 1999) . Molecular markers and diagnostic indices including n-alkanes, isoprenoid hydrocarbons, polycyclic aromatic hydrocarbons, as well as steroidal terpenes compounds can provide specific information on its chemical composition and be linked to the suspected source (Wang et al., 1994 (Wang et al., , 1999 Kvenvolden et al., 1995; Stout et al., 2001; Wang et al., 2013) and widely used in oil spill studies (Peters et al., 2005; Wang et al., 2006; Liu et al., 2009; Radović et al., 2014) .
While there are many troubles after spilled oils go through a series of weathering processes in the marine environment, and especially after moderate or severe weathering processes which strongly change these oils' inherent characteristics of chemical composition and physical properties (Wang et al., 1997; Kingston, 2002; D'Auria et al., 2009; Samuels et al., 2013) . Many studies on biomarker indicators in short term weathering processes were involved Zhao et al., 2008; Sun et al., 2009; Lemkau et al., 2010; Radović et al., 2014) . In contrast, few studies pay attention to medium and long-term weathering laws through weathering experiments in China. In this article, a simulated weathering experiment is performed on oils collected from different oilfields in 2010. Repeatability limit analysis method also is applied to evaluate results of this experiment which can support in the medium and long-term arbitration on oil related accidents.
The aims of this paper are: (1) to compare the chemical composition and their change modes of different oils, (2) to select useful diagnostic ratios that are more resistant to the weathering process.
ferent sources (SL-1, DQ-67-75, DQ-1, LH-7-06 and LH-1) to simulate weathering experiments (Table 1) and SL-1 from S12-13 well of Gudong oilfield, DQ-67-75 and DQ-1 from 67-75 well and 67-27 well of Daqing oilfield, LH-7-06 and LH-1 from 7-06 well and Ou-27 well of Liaohe oilfield, respectively. These oil sources belong to three famous oilfields in China: one from Godong oilfield, two from Daqing oilfield and another two from Liaohe oilfield. The Liaohe oilfield and Gudong oilfield are two oilfields near to Bohai Sea where oil pollution is very serious and oil slicks and oil tar balls are frequently found.
Then all oil samples were collected carefully in 250 mL widemouth glass jars and transported to the laboratory and stored at 4°C in a refrigerator before the experiments. A laboratory-scale facility to simulate weathering condition was designed and built on an open-air platform. The five different crude oils were dropped into five tanks (L×B×H=80 cm×30 cm×50 cm) with seawater (taken from the sea near Yantai Port and filtered by the 0.45 μm membrane filter in January, 2010, according to the method of Middaugh et al. (1996) and sand on bottom (about 5 cm thick) respectively. As the experimental condition becomes increasingly closer to the marine field environment, factors including the physical state of the oil, salinity, pH, dissolved oxygen (DO), temperature and competition with microbial communities will influence the artificial weathering process (Bao et al., 2012) , so the bacteria pollution in the experiments did not been followed with interest. In total, 3 aliquots of each oil sample were taken periodically on the 30th, 150th and 210th day.
Extraction and instrumental analysis
All samples were extracted using a soxhlet apparatus with dichloromethane (DCM) (>99.9%, Avantor Performance Materials, Inc., Center Valley, PA) for a minimum of 72 h. At the completion of the extraction procedure, sample extracts were filtered through pre-cleaned anhydrous sodium sulfate and concentrated (unless gross oil contamination was observed) to a final volume of 1-2 mL using rotary evaporation and nitrogen gas blow-down. An aliquot of 1 mL of each extract was subjected to analysis. Saturated hydrocarbon fractions were eluted with nhexane, and then analyzed by gas chromatograph-mass spectrometer (GC-MS) (Mello et al., 2012; Di Gregorio et al., 2014; Ramsey et al., 2014; Adhikari et al., 2015) .
The analyses were done as soon as possible. The GC/MS analyses were carried out on an Agilent (Santa Clara, CA) 6890N GC/5973N mass spectrometer equipped with a HP-5 capillary column (50 m × 0.32 mm × 0.25 μm). The GC oven temperature was programmed from 80 to 300°C at 4°C/min, held during 30 min at this temperature. Helium was used as a carrier gas. Mass spectrometer conditions were electron ionization at 70 eV with an ion source temperature at 250°C. The deuterated surrogate standards that were initially spiked into each sample were treated as internal standards, where each surrogate compound was associated with a group of calibrated alkanes. Individual n-alkanes were identified based on the retention time of the standards (nC 10-40 , Sigma), and concentrations of each n-alkane were calculated based on the standard calibration curve of each corresponding standard compound. Biomarker ratios were calculated using peak areas from the m/z 85, m/z 191 and m/z 217 chromatograms. For quantitative analysis, the response factor for the surrogate standard was calculated by dividing the surrogate concentration by the respective peak area. On the other hand, individual PAHs were quantified based on the retention time and m/z ratio of an authentic PAHs mixed standard (Sigma), and concentrations of each PAHs were calibrated based on the standard calibration curve .
Results and discussion
Ratios of oil samples collected from Daqing oilfield (No. DQ-1 and No. DQ-67-75) such as pristane/phytane (Pr/Ph), odd to even predominance (OEP 1 , OPE 2 ), carbon preference index (CPI) are in same range, indicating that these two samples are chemically similar and derived from similar marine-influenced source rocks deposited under oxic conditions. While samples from Liaohe Basin (No. LH-1 and No. LH-7-06) show different characteristic marks suggest their deposited environments are distinct although they were collected from the same region. Ratios of the sample collected from Gudong oilfield (No. SL-1) are in very low values, reflecting that they are derived from typify anoxic, commonly hypersaline environment, almost terrigenous organic matter formed under a strong reducing environment (Duan et al., 2008) . And the n-alkane CPI values of this sample are slightly higher than 1.0 (Table 1) , indicate that the sample is mature (George et al., 2008) .
Variation of distributions of alkanes, pristane and phytane
Usually n-alkanes weathering degree are positively correlated with molecular mass; the smaller the molecular weight, the more obvious weathering degree in the general . Hydrocarbons after n-C 15 are less affected by weathering; Notes: 1) Pr/Ph: pristine/phytane; 2) the ratios of pristane/n-C 17 ; 3) the ratios of phytane/n-C 18 ; 4) OEP 1 =(C 17 +6×C 19 +C 21 )/(4×C 18 +4×C 20 ); 5) OEP 2 =(C 21 +6×C 23 +C 25 )/(4×C 10 +4×C 24 ); 6) the sum of n-C 14 to n-C 21 alkanes relative to the sum of n-C 22 to n-C 34 alkanes; 7) 1/2[(C 25 + C 27 + C 29 + C 31 + C 33 )/(C 24 + C 26 + C 28 + C 30 + C 32 ) + (C 25 + C 27 + C 29 + C 31 + C 33 )/(C 26 + C 28 + C 30 + C 32 + C 34 )]; 8) the ratio of n-C 18 /the sum of n-C 12 to n-C 35 alkanes; 9) the sum of n-C 9 to n-C 17 alkanes relative to the sum of n-C 18 to n-C 34 alkanes.
n-C 20 hydrocarbons can be regarded as difficult weathering hydrocarbons. Table 2 lists the measurement results of some indicators and ratios in the weathering simulation process.
As shown in Table 2 , it is apparent that there are significant differences in the diagnostic ratios, with respect to the n-alkanes, pristane and phytane, in the initial oils and weathered oils. The degraded oils exhibit a substantially higher value of the low and high molecular weight ratios (LMW/HMW) compared to the initial oils. It suggests that the short-chain n-alkanes decreases gradually with increasing degree of weathering; medium and high chain n-alkanes are relatively stable in some samples, because the extent of loss in mass of the short-chain n-alkanes is greater than the other components. LMW/HMW declined rapidly during 30 weathering days and slowly during the 30-210 weathering days, because low n-alkanes would get serious loss in the short term of weathering experiments. The results are similar to monitoring results of changes in composition of oil spills, occurred after the first few days of weathering mainly by evaporation and dissolution and only 5% to 10% for the loss of heavy or residual oils (Lemkau et al., 2010) .
As shown in Fig. 1 , it is apparent that there are significant differences in the distribution of these fractions, with respect to biomarker diagnostic parameters (e.g., Pr/Ph, Pr/n-C 17 , Ph/n-C 18 , OEP 1 , OEP 2 , LMW/HMW, CPI, C 18 /(C 12 -C 35 ), WR), in the different initial oils and their weathered oils. Two samples collected from Daqing oilfield have the similar changes of biomarker diagnostic parameters. But Two samples (Nos LH-1 and LH-7-06) collected from the same Liaohe basin, derived from different source rocks have very distinct initial values and ratio change modes. Pr/n-C 17 of LH-1 changed a lot, in contrast, that of LH-7-06 declined more slowly during 30 weathering days. Change ways of the sample coming from Gudong oilfield are more similar to the ways of samples collected from Daqing. This indicted that change modes of diagnostic ratios have no correlation to the oilfield that samples collected from.
The ratio of pristane to n-heptadecane (Pr/n-C 17 ) and phytane to n-octadecane (Ph/n-C 18 ) have been widely used as indicators of source rocktypes, depositional environments and organic matter maturation (Peters et al., 1999; Hanson et al., 2000) . The increasing of Pr/n-C 17 and Ph/n-C 18 of oils also indicates the relative oil biodegradation degree is increasing (Formolo et al., 2008) . Normally, the n-alkanes would be degraded significantly prior to alteration of other compound classes, resulting in higher Pr/n-C 17 and Ph/n-C 18 ratios for slightly or moderately biodegraded oils than their non-biodegraded counterparts. From the cross plot of Pr/n-C 17 versus Ph/n-C 18 (Fig. 2) , it is clear that values of oil samples collected from the same oil fields are near to each other, also with similar weathering modes. For instance, the DQ-1 and DQ-67-75 samples have similar Pr/n-C 17 versus Ph/n-C 18 values that are lower than the rest value of other samples. Plots of samples coming from Daqing oilfield show that the weathering modes of these samples are similar in different periods. All values of Pr/n-C 17 and Ph/n-C 18 of different samples, especially the SL-1 sample, changed slightly during the weathered process. This consequently indicates that the cross plot of Pr/n-C 17 versus Ph/n-C 18 can be used to detect the source of spilled oils that maybe have passed a serious weathering process. Based on the evaluation method of indices suggested by Stout et al. (2001) and Li et al. (2009) , relative standard deviation (RSD, %) is considered as an indicator to evaluate the variability of diagnostic indices in this experiment. The indices with RSD<5% are probably not affected by weathering, while a RSD more than 5% suggests that weathering has a remarkable effect on the index.
The data in Table 3 and Fig. 3 demonstrate that no one ratio of common biomarker diagnostic parameters about n-alkanes in five samples displays obvious changes over weathering time, especially for Pr/Ph, LMW/HMW and WR in all five samples with a RSD of more than 5%, indicating that these ratios are not valid for oil source identification of the spill moderately and severely degraded. In nine selected n-alkanes diagnosis ratio indicators, OPE 1 , OPE 2 and CPI in sample DQ-67-75, DQ-1 and SL-1 maintained good stability in the 210-day weathering processes because their relative deviation (RSD) are less than 5%. The results Fig. 2 . Pristane/n-C 17 (Pr/n-C 17 ) versus phytane/ n-C 18 (Ph/n-C 18 ) of the collected oils. Fig. 3 . RSD (%) of some common biomarker diagnostic parameters of n-alkanes in oils.
indicate some common biomarker diagnostic parameters in selected samples are useful in oil source identification.
Variation of terpanes and steranes
Compared to low-molecular weight biomarkers that are susceptible to weathering process, high-molecular weight biomarkers are relatively resistant to weathering and can be useful correlation tools for weathered oils. In general, terpane and sterane biomarkers as high molecular weight organic compounds are reported for having a much tiny water solubility and more resistant to degradation than n-alkanes and isoprenoids (Prince et al., 1994; Wang and Stout, 2007; Suneel et al., 2013; Bayona et al., 2015) .
In this paper, the influence of the weathering process to seven diagnostic biomarker ratios related to terpane and sterane biomarkers that have been selected are discussed. These seven biomarker ratios as traditional maturity indicators, widely used in petroleum exploration, are showed in Table 4 .
Just like n-alkanes, there are also significant differences in the distribution of these fractions, with respect to biomarker diagnostic parameters in the different initial oils and their weathered oils because of different oil sample coming from different oil source. This indicted that change modes of biomarker diagnostic parameters are not affected by oilfield types. The results (Table 4 and Fig. 4) show that almost all these seven biomarker diagnostic parameters of all five crude oil samples in the weathered oil did not change significantly and were similar to these parameters of the initial crude oils except Ts/Tm of some samples (DQ-67-75 and LH-7-06) and C 27 /C 29 of LH-7-06. This indicts that terpanes and steranes retained their molecular compositions during moderate and heavy weathering process and these seven biomarker diagnostic parameters can be used in tracking the origin and sources of hydrocarbon pollution in the marine environment.
The data in Table 3 and Fig. 5 demonstrate that only two indices in seven diagnostic biomarker ratios (C 31 -A and C 29 -B) in all five samples have lower standard deviations (SDs) and RSD (<5%), displaying obscure changes during weathering process. The results indicate that C30 17α, 21β (H)-hopane and its extended homologs (homohopanes) are not always stable in the environment and laboratory experiments. In contrast, the other diagnostic ratios did not maintain good stability in the 210-day weathering processes even they also remained constant because their RSD are higher than 5%. Based on the data, it is suggested that the seven diagnostic biomarker ratios of triterpanes and steranes are believed that they are more useful in oil source identification due to they showed no change after weathering process, despite of extensive saturate hydrocarbon losses .
Using the C 29 -B versus C 31 -A plot (Fig. 6) , we can approximately divide the five different samples into three parts, because biomarker ratios of DQ-1 and samples from Liaohe oilfield are close to each other. This means we cannot easily distinguish Fig. 4 . Changes of ratios of terpanes and steranes in the weathering process. Refer to Table 3 for abbreviations.
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Variation of polycyclic aromatic hydrocarbons
PAHs consist primarily of five families of compounds: naphthalenes, fluorenes, phenanthrenes, dibenzothiophenes, and chrysenes, each consisting of an un-substituted or parent compound and a series of alkylated compounds. The PAHs are relatively stable and diagnostic constituents of petroleum and provide more detailed compound-specific data that can be used to identify source (Douglas et al., 1996; Bari et al., 2014) . Alkylated homologues of polycyclic aromatic hydrocarbons in crude oils can be used to confirm the source of oil pollutants, as well as access to ways and means of transport and transformation of pollutants information because they own qualities that n-alkanes always do not have, such as high stability and are much easier to be quantified than n-alkanes (Wang and Fingas,1995; Sun et al., 2009; Wang et al., 2009b; Zhao et al., 2008) . The distribution characteristics of isomers with a single special sources and same methylation degree can determine spill sources because the speed of biodegradation are influenced by the aromatic isomerization position in the same family (Wang and Fingas, 2003; Yang et al., 2013) . Generally, indicators in naphthalene and phenanthrene series (e.g., the methyl phenanthrene index (MPI), methyl phenanthrene ratio (MPR), and methylnaphthalene index (MNR)), as important maturity parameters, have been used in studies about the thermal maturity history of the source rock generating hydrocarbons (Salas et al., 2006; Sheppard et al., 2015) , and are gradually applied to the identification of oil spills. Figure 7 shows almost all polycyclic aromatic hydrocarbons indicators in sample DQ-67-75 except MPR and MPDF 2 did not change significantly in various stages of weathering. MPR and MPDF 2 indicators can also be used as indicators of moderate weathering process as those did not changed significantly in the 0-30 day weathering process; those two indicators are not suitable indexes in the 30-210 day weathering processes. Only MPI 2 and Rc in these indicators maintained good stability in 210-day weathering processes and are more suitable for identifying oils which were moderately or severely weathered because their relative deviation (RSD) are lower than 5% (Table 3) .
In this paper, further repeatability of the developed method was assessed. From the standard deviation, the repeatability limit can be calculated which represents the maximum permitted difference between two repeated measurements. A reliable estimate of the standard deviation is required to calculate appropriate repeatability limits. The repeatability limit (r) is reported as , which gives the likely limits within which 95% of measurements should occur (Riley et al., 1980; Ramsey et al., 2014) . In the present study, it can be considered that these two ratios are parallel ratios if the absolute difference between any two diagnostic ratios of oil fingerprinting is less than r. The evaluation results are "Y", meaning that these diagnostic ratios are fit for oil fingerprints identification, when the absolute difference between maxima and minima values of diagnostic is smaller than r. The evaluation results are "N", meaning these diagnostic ratios not suitable, when the absolute difference between Maxima and minima values is larger than repeatability.
In Table 5 , the results of diagnostic ratios of seven commonly used biomarkers of polycyclic aromatic hydrocarbons are shown. Almost all absolute differences between any two diagnostic ra- tios are less than r. This demonstrates that these diagnostic ratios are fit for oil fingerprints identification, and moreover, it can be able to determine that the two oil samples are from the same oil source.
Conclusions
No matter which diagnostic ratios used, it is apparent that there are significant differences in the distribution of these fractions in the different initial oils and their weathered oils. The above discussion also reveals that: the diagnostic ratios of n-alkanes (e.g., CPI, Pr/Ph, Pr/n-C17, Ph/n-C18 and LMW/HMW) are not valid for long term weathered oil source identification. Even those ratios declined slowly during 30 weathering days and could be used as diagnostic ratios for oil spill identification after short-term weathering process. In contrast, terpanes, steranes and PAHs retained their molecular compositions after moderate to severe degradation and almost all diagnostic ratios of them could be efficiently used in oil spill identification except Ts/Tm and C27/C29 in some samples, also MPR and MPDF2 in Sample DQ-67-75. In those efficient diagnostic ratios, only C 31 -A and C 29 -B in all five samples and MPI2 and Rc in Sample DQ-67-75 maintained good stability in the 210-day weathering processes and are more suitable for identifying moderate to severe weathered oils because their relative deviation (RSD) are lower than 5%. 
